The human erythrocyte is a uniquely useful source of several receptor glycoproteins that may be studied as models for glycoprotein behavior and involvement in specific recognition events. These are the trans-membrane components, glycophorin (molecular weight 31,000) and band 3 (molecular weight 95,000), which have been extensively reviewed elsewhere (ref.
The human erythrocyte is a uniquely useful source of several receptor glycoproteins that may be studied as models for glycoprotein behavior and involvement in specific recognition events. These are the trans-membrane components, glycophorin (molecular weight 31,000) and band 3 (molecular weight 95,000), which have been extensively reviewed elsewhere (ref. 1 and references contained therein). Glycophorin is the human erythrocyte receptor for influenza virus and several lectins, and carries the M/N blood group determinants (2), while a subpopulation of band 3 is the concanavalin A (Con A) receptor (3, 4) .
We have applied freeze-fracture electron microscopy to this problem to keep track of the physical form of our lipid-protein structures. The In this paper we describe our observations (using freezefracture electron microscopy, hemagglutination inhibition, and direct agglutination) on liposomes bearing glycophorin, Con A receptor, or both. Glycoproteins were incorporated into lipid bilayers by dialytic removal of detergent from solutions containing the appropriate protein(s) and various lipids.
MATERIALS AND METHODS
Egg phosphatidylcholine was purchased from Sigma (Type III E) and further purified by silicic acid chromatography. L-aDipalmitoyl phosphatidylcholine was from Calbiochem. Lipids were pure as judged by thin-layer chromatography on silica gel G (Stahl). Dodecyltrimethylammonium bromide (DTAB) was obtained from Eastman and recrystallized twice from acetone/methanol. Con A and N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes) were from Sigma. M/N antisera (rabbit) were purchased from Ortho Diagnostics and Con ASepharose 4B, from Pharmacia. Human erythrocyte ghosts were prepared from outdated bank blood by the procedure of Dodge et al. (14) . Glycophorin was isolated from freeze-dried ghosts by the method of Marchesi and Andrews (15) .
The Con A receptor was isolated from packed ghosts as described elsewhere (13) . Basically the procedure involves Con A affinity chromatography in the presence of 50 mM DTAB. Fresh Con A receptor preparations were concentrated three times by vacuum dialysis and used immediately. Any given batch of erythrocyte ghosts was separated into portions for isolation of glycophorin and Con A receptor. Whenever the two glycoproteins were incorporated together in liposomes each was from the same batch of blood.
The procedure for incorporation of Con A receptor into lipid bilayers (13) was the same as that used for glycophorin (11 times with phosphate-buffered saline (PBS). Pellet and supernatant could be analyzed to check lipid/protein ratio.
Hemagglutination Inhibition. The effectiveness of liposomes containing purified glycoprotein(s) at binding Con A was tested by their ability to inhibit Con A-mediated hemagglutination of rabbit erythrocytes. Their effectiveness at binding anti-M/N-immunoglobulins was determined by their ability to inhibit antibody-induced hemagglutination of human erythrocytes. Rabbit erythrocytes were collected in citrate/ saline (Alsever's solution) and both human and rabbit erythrocytes were washed four times with PBS. Subsequent to washing, all erythrocytes were suspended in PBS containing bovine serum albumin at 3.5 mg/ml. Human erythrocytes were typed for M/N specificity in the standard way (on glass slides) using commercial testing kits. 
RESULTS

Glycoproteins as effective receptors in lipid bilayers
The method used for incorporation of glycophorin (11) or Con A receptor from human erythrocytes (13) into lipid bilayers has been reported elsewhere. In each case this was done by the same procedure involving removal by dialysis of the detergent, DTAB, from solutions containing lipid plus glycoprotein. A simple extension of this approach to solutions containing both glycoproteins leads to generation of bilayers containing glycophorin as well as the Con A receptor. We have examined the liposomes derived by this dialysis process extensively using freeze-fracture electron microscopy (see Fig. 1 ). Inclusion of either glycoprotein leads to more multilamellar, rapidly sedimenting structures than are found with lipid alone. But on a weight for weight basis this effect is far more dramatic with the Con A receptor, which can lead to formation of a high proportion of jumbled, multilamellar structures (Fig. 1) Fig. 1 g and h) . However, precise interpretation of the particle patterns in such mixed systems is complicated by a variety of factors: (a) resolvability of glycophorin-related particles depends on local replica quality and shadow angle, (b) in our hands neither glycoprotein gives totally homogeneous particle size, (c) when examined at high magnification even "individual" particles often appear to be resolved into smaller irregular particles, (d) as mentioned previously the two glycoproteins have opposing effects on the lipid bilayer structure itself. In spite of these problems, the overall impression is that there is some sort of interaction between glycophorin and Con A receptor-related IMPs. The possibility of association of these glycoproteins in intact erythrocytes has been considered by other workers (20) (21) (22) .
The possibility of favorable interaction of a given protein with certain lipid types or phases is a potentially important factor in membrane structure/function considerations. Such interactions could provide a mechanism both for altering protein distribution (or conformation) and for controlling lipid distribution (10, 11, (23) (24) (25) (26) . IMPs associated with glycophorin (11) and the ATPase of rabbit sarcoplasmic reticulum (26) have previously been shown to respond to a fluid/rigid lipid phase separation by preferentially avoiding rigid domains. IMP exclusion from (presumed) rigid lipid domains has also been reported in native membranes (e.g., in refs. [27] [28] [29] [30] [31] . It has been suggested, however, that some proteins may "prefer" rigid phase lipid (1). We have observed that IMPs related to Con A receptor (with or without glycophorin) follow the norm in preferentially occupying fluid domains in phase-separated mixtures of phosphatidylcholines (e.g., Fig. ld) . We suggest that in general this will be the case for integral proteins as a result of the unfavorable perturbation involved in inserting a hydrophobic polypeptide plus bound lipid into a "crystal lattice" of rigidly extended acyl chains. Theoretical bases for such considerations have been developed recently (10, 32 to whole cells is most striking when large liposomes that mimic intact cell density are used, but this condition is not necessary. In the slide test liposomes containing only glycophorin from M-type blood are dramatically agglutinated by anti-M serum (controls such as the same liposomes in the presence of anti-N serum, or liposomes containing N-type glycophorin or Con A receptor or lipid alone are unaffected). The same type of experiment has been carried out with other glycophorins and various types of lipid (although in general we have used 1:1 mixtures of egg and dipalmitoyl phosphatidylcholines). Glycophorin incorporation confers effective anti M/N serum agglutinability at lipid/protein weight ratios as low as 30:1.
Agglutinability is an imprecise measurement because it relies on subjective criteria. Nevertheless, qualitative differences can be straightforward and the possible implications of agglutinability to cell surface topography (e.g., in normal versus transformed cells) have attracted some attention in recent years. Both human and rabbit erythrocytes bear large numbers of effective Con A receptors, while, of the two, only rabbit erythrocytes are normally considered to be Con A-agglutinable-i.e., to be dramatically aggregated by Con A [however, see papers by Schnebli and Bachi (33, 34) in which the term agglutinability is used in a somewhat looser sense]. Con A concentrations as high as 500 ,g/ml fail to agglutinate human erythrocytes (35, 36) and it has been suggested (36, 37) that this observation can be explained by receptor immobility due to anchorage at the inner surface. It is interesting that Con A receptors isolated from human erythrocytes, when incorporated as described here into liposomes (lipid/protein weight ratios of 1:1 to 15:1), confer dramatic Con A agglutinability at Con A concentrations of 20-100 ,ug/ml. Control samples of liposomes containing glycophorin or lipid alone were not agglutinable by Con A under the slide test conditions described in Materials and Methods. Apparently this difference in agglutinability between intact human erythrocytes and liposomes containing Con A receptor is not a simple function of lipid fluidity, because at 230 liposome agglutinability is unaffected by whether the lipid is totally fluid (egg phosphatidylcholine) or totally rigid (dipalmitoyl phosphatidylcholine). Similarly, the agglutinability difference does not reflect a difference in numbers of receptors: the weight ratio of lipid/Con A receptor in intact erythrocytes (some 16:1) is within the range tested for liposomes. Note that all the receptors are on one side of native membranes, whereas we assume that the carbohydrate in our model systems is shared equally between the two sides of the bilayer.
Con A-induced agglutination at concentrations as low as 20
,ug/ml is also observed in liposomes containing both glycophorin and Con A receptor (see Table 2 ). However, such liposomes are no longer agglutinable by M/N antisera, even though their binding capacity is unchanged by the presence of Con A receptor. In other words, the model membranes described here, which contain both glycoproteins, have reversed agglutinability characteristics relative to intact erythrocytes. It should be informative to investigate the agglutinability of liposomes of various lipids over a wide range of constituent ratios. Note that the weight ratio of lipid/Con A receptor/glycophorin in human erythrocytes is about 16:1:1. DISCUSSION The fact that the liposomes described here possess the ability to specifically recognize external agents directed against incorporated glycoproteins bodes well for studies with such model systems. Membrane component interaction and the process of cell agglutinability are good examples of phenomena that can be dissected in this fashion. Results reported here support the view that cell agglutinability is a function of receptor arrangement or (mode of) presentation. For instance, the fact that the Con A receptors fail to confer agglutinability on human erythrocytes but do confer it on liposomes must stem from a difference in arrangement or presentation. Of course, in real cells receptor mobility would be an important factor in determining agglutinability if the native arrangement were unfavorable.
The ability of Con A receptor to modify (in this case reduce) liposome agglutinability by glycophorin-directed immunoglobulins could come about via a modification of glycophorin arrangement or presentation. Possible mechanisms for this include direct interaction (e.g., via peptide-peptide attractive forces or cooperative interactions of carbohdyrate-rich regions). However, it is also possible that the Con A receptor effect is lipid-mediated, especially in view of its dramatic effect on lipid bilayer structure. The observation that agglutinability via specific crosslinking of one membrane glycoprotein can be greatly reduced by addition of a different membrane protein (without preventing binding) recalls the well-known reverse experiment: increased agglutinability following trypsinization of intact cells (e.g., ref. 36 for human erythrocytes).
